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Emodin induces human T cell apoptosis in vitro by 
ROS-mediated endoplasmic reticulum stress and 
mitochondrial dysfunction
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Aim: To elucidate the molecular mechanisms underlying the immunosuppressive effects of emodin isolated from Rheum palmatum L. 
Methods: Human T cells were isolated from the peripheral venous blood of 10 healthy adult donors.  Cell viability was analyzed with 
MTT assay.  AO/EB and Annexin V/PI staining and DNA damage assay were used to detect cell apoptosis.  Fluorescence staining was 
used to detect the levels of ROS, the mitochondrial membrane potential and intracellular Ca2+.  Colorimetry was used to detect the lev-
els of MDA and total SOD and GSH/GSSG ratio.  The expression and activity of caspase-3, -4, and -9 were detected with Western blot-
ting and a fluorometric assay.  Western blotting was also used to detect the expression of Bcl-2, Bax, cytochrome C, and endoplasmic 
reticulum (ER) markers.
Results: Emodin (1, 10, and 100 µmol/L) inhibited the growth of human T cells and induced apoptosis in dose- and time-dependent 
manners.  Emodin triggered ER stress and significantly elevated intracellular free Ca2+ in human T cells.  It also disrupted mitochondrial 
membrane potential, and increased cytosolic level of cytochrome C, and the levels of activated cleavage fragments of caspase-3, -4, 
and -9 in human T cells.  Furthermore, emodin significantly increased the levels of ROS and MDA, inhibited both SOD level and GSH/
GSSG ratio in human T cells, whereas co-incubation with the ROS scavenger N-acetylcysteine (NAC, 20 µmol/L) almost completely 
blocked emodin-induced ER stress and mitochondrial dysfunction in human T cells, and decreased the caspase cascade-mediated 
apoptosis.
Conclusion: Emodin exerts immunosuppressive actions at least partly by inducing apoptosis of human T cells, which is triggered by 
ROS-mediated ER stress and mitochondrial dysfunction.
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Introduction
An intense inflammatory process is a characteristic pathologic 
feature of transplant rejection.  Therefore, an understanding 
of immune rejection mechanisms provides the basis for novel 
immunosuppressive therapies.  There is now convincing evi-
dence that T cells and their secreted cytokines are involved in 
the inflammatory process.  The blockade of T cell activation 
and proliferation and consequential cytokine production is 
one of the main anti-immune rejection principles[1].  Molecules 

such as FK 506[2], cyclosporine A[3], and rapamycin[4] have been 
shown to have immunosuppressive activity by mediating the 
apoptotic death of activated T cells.  However, the quest to 
identify novel therapeutic compounds for immunosuppressive 
treatment is a never-ending venture.  Plant-derived natural 
products occupy an important position in the area of immuno-
suppression.  

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is an 
effective component isolated from the root and rhizome of the 
Rheum palmatum plant.  It is well known for its physiological 
antipyretic and anti-inflammatory activities[5, 6].  Although it 
has been widely utilized in Chinese medicines to alleviate tis-
sue inflammation[7], there has been scarce evidence to prove its 
immunopharmacological activity.  
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In our previous study, we found that emodin prolonged the 
mean survival time of skin grafts and decreased the serum 
IL-2 level in a skin transplantation mouse model, suggesting 
the potential immunosuppressive activity of emodin[8].  Here, 
we report that in human T cells, emodin exhibited significant 
cytotoxicity that was associated with reactive oxygen species-
mediated endoplasmic reticulum stress and mitochondrial 
dysfunction.

Materials and methods 
Reagents and antibodies 
Emodin (purity>99%, obtained from Sigma Chemical Co, St 
Louis, USA) was dissolved at a concentration of 1 mmol/L in 
100% dimethylsulfoxide (DMSO) as a stock solution, stored 
at -20 °C, and diluted with medium before each experiment.  
5,5’,6,6’-tetrachloro-1,1’,3,3’-tetra-ethylbenzimidazolcarbocya-
nine iodide (JC-1) was purchased from Keygen Biotechnology 
(Nanjing, China).  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), 5-(and-6)-carboxy-2’,7’-dichlo-
rofluorescin diacetate (carboxy-DCFDA) and N-acetylcysteine 
(NAC) were obtained from Sigma(St Louis, MO, USA).  
Annexin V-FITC/PI was obtained from Beijing Biosea Bio-
technology Co, Ltd (Beijing, China).  Antibodies against Bcl-2, 
Bax, Cyt c, COX IV and β-actin were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).  Anti-caspase-3, -4, -8, 
and -9 antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).  Detection kits for caspase-3, -4, 
and -9 activity and a malondialdehyde assay kit were obtained 
from Beyotime Institute of Biotechnology (Nantong, China).  
A human T cell enrichment column kit was purchased from 
R&D Systems (Minneapolis, MN, USA).  All other chemicals 
were purchased from Sigma (St Louis, MO, USA).

Human T cell purification and activation
Peripheral blood mononuclear cells (PBMCs) were isolated 
with Ficoll-Hypaque density gradients from the peripheral 
venous blood of ten healthy adult donors according to the 
manufacturer’s instructions.  Ethical approval was obtained 
from the ethics committee of the First Affiliated Hospital, Xi’an 
Jiaotong University.  Cells were washed twice in phosphate-
buffered solution (PBS), and the cellular concentration was 
adjusted to 1.0×106/mL.  Cell viability was detected with the 
Trypan blue dye exclusion method.  CD4+ T cells were nega-
tively isolated using magnetic beads (R&D Systems).  T cells 
were then pre-coated with anti-CD3 (5 µg/mL) and anti-CD28 
(1 µg/mL) in culture wells as previously described[9–11].  For 
activation, human T cells were treated with 1 mg/mL PHA 
for 24 h, washed, and subsequently cultured in RPMI-1640 
medium (Gibco, Carlsbad, CA, USA).  Supplemented with 
10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA).

MTT assay for cell viability
Human T cells (5.0×104 cells/well) were seeded in 96-well 
plates and incubated with emodin at various concentrations 
(0, 1, 10, or 100 μmol/L) for 24, 48, or 72 h at 37 °C.  Then, 20 
μL of MTT solution (5 g/L) was added to each well and incu-

bated for another 4 h.  Supernatants were removed, and for-
mazan crystals were dissolved in 200 μL DMSO.  Finally, the 
optical density was determined at 490 nm using a POLAR star 
OPTIMA microplate reader (BMG Lab Technologies, Orten-
berg, Germany).

AO/EB double staining
Cells were collected in 10-mL centrifuge tubes at a concentra-
tion of 1×106/mL and centrifuged at 1500 r/min for 15 min at 
room temperature.  The cells were then washed with incuba-
tion buffer before centrifugation at 1500 r/min for another 
10 min.  The cells were resuspended in 100 μL of labeling 
solution and incubated for 15 min at room temperature in the 
dark.  Subsequently, the cells were centrifuged at 1500 r/min 
for 10 min at room temperature.  Eventually, 25 µL of the cell 
suspension (1×106 cells/mL) was incubated with 1 µL of AO/
EB solution and examined under a fluorescence microscope 
using a fluorescein filter and a 40× objective.  

Annexin V/PI apoptosis assay
Pelleted cells were collected and incubated with 5 μL Annexin 
V and 10 μL PI solution at room temperature for 20 min in the 
dark.  Cellular apoptosis was detected with flow cytometry at 
an excitation wavelength of 488 nm.  FITC fluorescence was 
detected at a wavelength of 515 nm, and PI was detected at a 
wavelength of 560 nm.

DNA damage assay
DNA damage was assessed using the alkaline single-cell gel 
electrophoresis assay (comet assay).  After the emodin treat-
ments mentioned above, cells were incubated in normal 
medium for 3 h, mixed with low-melting agarose and fixed 
onto slides.  Subsequently, the cells were lysed, and DNA was 
denatured using an alkaline (pH>14) solution at 4 °C.  Slides 
were then placed on a horizontal electrophoresis device, 
stained with ethidium bromide, and visualized by fluores-
cence microscopy.  The results were analyzed with Komet 5 
comet assay analysis software, which quantitatively deter-
mines the extent of DNA damage in each sample using the 
mean olive tail moment calculation, which was determined for 
50 cells from each group.

Caspase activity assay
Caspase-3, -4, and -9 activities were analyzed using a cas-
pase apoptosis detection kit according to the manufacturer’s 
instructions.  In brief, cells (1×106) were pelleted by centrifu-
gation, washed twice with PBS and incubated in 500 μL lysis 
buffer on ice for 10 min.  Then, 1×reaction buffer and 10 μL 
caspase-3 (DEVD-AFC), caspase-4 (LEVD-AFC), or caspase-9 
(IEVD-AFC) substrate was added to lysis buffer.  The reaction 
mixtures were incubated at 37 °C for 60 min.  The activities of 
caspase-3, -4, and -9 were measured with spectrofluorometry.

Reactive oxygen species assay
2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma) 
was used for ROS measurement.  DCFH-DA is cleaved intrac-
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ellularly with nonspecific esterases and converted into highly 
fluorescent 2’,7’-dichlorofluorescein (DCF) upon oxidation by 
ROS.  DCFH-DA working solution was added directly to the 
medium to reach 10 μmol/L and incubated at 37 °C for 15 min.  
The cells were then washed with PBS once and kept on ice for 
immediate DCF detection with flow cytometry.

Reduced and oxidized glutathione assay
Cells were trypsinized after drug treatment for 1 h and pre-
pared according to the instructions of the GSH/GSSG Ratio 
Assay Kit (Calbiochem, San Diego, CA, USA).  Briefly, for 
the GSSG sample, the thiol-scavenging reagent 1-methyl-2-
vinylpyridinium trifluoromethanesulfonate was immediately 
mixed with the cell suspension to eliminate GSH.  The cells 
were frozen and thawed and subsequently extracted with 
metaphosphoric acid.  The cell lysates were added to GSSG or 
GSH assay buffer.  The samples were mixed sequentially with 
the chromogen 5,5’-dithiobis-2-nitrobenzoic acid, glutathi-
one reductase, and NADPH.  The absorbance at 412 nm was 
recorded for 3 min, the reaction rate was determined, and the 
GSH/GSSG ratio was obtained [ratio=(GSH–2GSSG)/GSSG].

Malondialdehyde and total superoxide dismutase assay
The MDA concentration, a marker of lipid peroxidation, was 
measured with a colorimetric commercial kit (Malondial-
dehyde Assay kit).  Briefly, treated T cells were harvested, 
and cellular extracts were prepared with sonication in ice-
cold buffer.  After centrifugation at 10 000×g for 20 min, the 
supernatant was measured spectrophotometrically at 532 nm.  
The MDA level was then normalized to milligram protein, as 
previously described[12].  SOD is one of the most important 
antioxidative enzymes[13] and its activity was measured with 
a colorimetric assay kit according to the manufacturer’s pro-
tocol.  Briefly, SOD activity was measured using 100 μg of the 
total protein extract from the emodin-treated human T cells.  
Absorbance values were measured spectrophotometrically at 
450 nm.

Intracellular calcium measurement
Human T cells were loaded with 5 mmol/L fluo-3-acetoxym-
ethyl ester (Fluo-3-AM) at 37 °C for 30 min.  The cells were 
then resuspended in Ca2+-free medium without phenol red to 
a concentration of 4×106 cells/mL.  In each experiment, 0.5 mL 
of cell suspension was equilibrated with an equal volume of 
2 mmol/L Ca2+-containing medium at 37 °C.  The cells were 
incubated with 2.0 mL of 0.1% DMSO or emodin (1, 10, or 100 
μmol/L), and the fluorescent activity was recorded at Ex=488 
nm and Em=515 nm using an MRC-1000 Laser Scanning Con-
focal Imaging System (Bio-Rad Laboratories, Berkeley, CA, 
USA).

Mitochondrial membrane potential assay
After being cultured for 48 h, T cells were collected in 0.5 
mL medium and incubated with 0.5 mL JC-1 (Sigma) work-
ing solution.  Cells were incubated at 37 °C and 5% CO2 in a 
humidified incubator for 30 min.  The cells were centrifuged at 

1000 r/min for 3 min at 4 °C and washed twice with JC-1 buf-
fer solution.  The mitochondrial membrane potential (ΔΨm) of 
cells was detected with flow cytometry.

Western blot analysis
Cells were exposed to various concentrations of emodin and 
lysed in RIPA buffer (Beyotime Inc, Nantong, China).  The 
protein concentration was determined with the Bradford 
reagent (Beyotime Inc, haimen, China).  Equal amounts of 
total proteins were separated and transferred to a polyvi-
nylidene difluoride membrane (Millipore, Bedford, MA, 
USA).  The membranes were subsequently immunoblotted 
with the appropriate primary and secondary antibody (Santa 
Cruz Biotechnology, Dallas, TX, USA) according to our previ-
ous report[14].  Signals were detected using an ECL Kit (Pierce, 
Rockford, IL, USA).  

Statistical analysis
All data were expressed as the mean±standard deviations and 
analyzed with SPSS (Statistical Package for the Social Sciences) 
13.0 software (SPSS Inc, Chicago, IL, USA).  The samples of 
each group were compared using an analysis of variance, and 
multiple comparisons between groups were performed using 
Student’s t-test.  Values of P<0.05 or P<0.01 were considered 
statistically significant.  

Results
Emodin inhibited the growth of human T cells in a dose- and 
time-dependent manner
Initially, the cytotoxicity of emodin at different doses (1, 10, 
and 100 μmol/L) was investigated in human T cells.  Morpho-
logical changes, including cytoplasmic shrinkage and apop-
totic bodies, were observed in T cells treated with emodin for 
72 h (Figure 1A).  The cell number was significantly decreased 
in 100 μmol/L emodin-treated T cells.  After treatment with 
different doses of emodin, the MTT assay was used to detect 
the growth of human T cells at the indicated times (24 , 48, or 
72 h).  As shown in Figure 1B, emodin inhibited the viability 
of human T cells in a dose- and time-dependent manner.  

Emodin induced significant apoptosis and DNA damage in 
human T cells
To assess whether the cytotoxic effect of emodin was caused 
by apoptotic death, we evaluated the apoptosis of human 
T cells treated with emodin for 72 h using AO/EB staining.  
Compared with the control group, the percentage of apop-
totic cells (yellow) was increased after emodin treatment, 
and necrotic cells were slightly increased (Figure 2A and 2B).  
These results were also supported by Annexin V/PI staining 
results (Figure 2C and 2D).  Approximately 41.5% of the cells 
were in early apoptosis in the 100 μmol/L emodin-treated 
group compared with other groups (Figure 2C).  As illustrated 
in Figure 2D, emodin induced a dose-dependent increase in 
apoptotic T cells.

Apoptosis is a prominent route of cell inactivation and is 
triggered by DNA damage.  We used the comet assay to assess 
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DNA damage accumulation.  The difference in the tail moment 
of T cells treated with different concentrations of emodin was 
significant, indicating that DNA damage was involved in emo-
din-induced apoptosis in human T cells (Figure 2E and 2F).  

Emodin activated caspase cascades in human T cells
Because caspase cascade activation is a key event in apoptosis 
pathways, we next assessed the effects of emodin on caspase 
activation in human T cells by Western blotting.  The results 
showed that the quantities of the activated cleavage fragments 
of caspase-9 and -4 increased after exposure to 100 μmol/L 
emodin for 72 h, whereas the activated cleavage fragment 
of caspase-8 was not detected (Figure 3A–3D).  We hypoth-
esized that endoplasmic reticulum stress or the mitochondria-
mediated intrinsic apoptotic pathway might be involved in 
emodin-induced apoptosis, but the death receptor-mediated 
extrinsic apoptotic pathway might not be involved.  In parallel 
with caspase-9 and -4 activation, cleavage of the effector cas-
pase-3 was also increased (Figure 3A and 3E).  Caspase-9, -4, 
and -3 activation was also detected with the caspase activity 

assays, which supported the hypothesis that emodin activated 
caspase cascades via the intrinsic apoptosis pathway (Figure 
3F, 3G, and 3H).

Emodin induced ER stress and intracellular free calcium 
elevation
Several studies have previously reported that ER stress can 
lead to the proteolytic cleavage of caspase-4, which is localized 
to the cytoplasmic side of the ER membrane[15].  In our study, 
caspase-4 was also activated by emodin treatment, suggest-
ing that ER stress might be induced by emodin and involved 
in the apoptosis pathway.  To determine whether emodin 
could induce ER stress, we investigated several crucial ER 
stress markers, including GRP78, ATF-4, XBP-1s, and CHOP.  
The expression of these ER stress markers in T cells was 
time-dependently induced after 100 μmol/L emodin treat-
ment for 72 h (Figure 4A and 4B).  Because the ER plays an 
important role in maintaining intracellular Ca2+ homeostasis, 
we speculated that emodin-induced ER stress might trigger 
Ca2+ release.  Changes in intracellular free calcium were mea-
sured using Fluo-3-AM staining.  The results showed more 
positively stained cells in emodin-treated T cells than in the 
control (Figure 4C), indicating intracellular Ca2+ overload after 
emodin treatment.  The intracellular Ca2+ level was signifi-
cantly increased along with the concentration of emodin, with 
the highest intracellular Ca2+ level in the 100 μmol/L emodin 
group (Figure 4D).  

Emodin disrupted the mitochondrial membrane potential and 
triggered Cyt c release
The uptake of JC-1, a lipophilic cationic fluorescent dye 
absorbed by mitochondria, is positively correlated with the 
mitochondrial membrane potential[16].  An increase in green 
JC-1 can reflect the collapse of ΔΨm.  As shown in Figure 
5A and 5B, a significant increase in green JC-1 was clearly 
observed in emodin-treated groups in a dose-dependent 
manner.  In addition, the mitochondrial protein and cytosolic 
protein isolated from emodin-treated T cells were subjected 
to Western blotting.  Equal protein loading was confirmed 
with COX IV immunodetection for mitochondrial protein and 
β-actin for cytosolic protein.  The Western blotting results 
showed that the Bcl-2/Bax ratio in T cells, which reflects the 
maintenance of mitochondrial membrane stability, was signifi-
cantly suppressed after 100 μmol/L emodin treatment for 72 h 
(Figure 5C and 5D).  The release of Cyt c from mitochondria 
triggers the activation of caspase proteases and cell death by 
apoptosis.  Our results also demonstrated that 100 μmol/L 
emodin increased cytosolic Cyt c and decreased mitochondrial 
Cyt c compared with the control group in a time-dependent 
manner (Figure 5E and 5F).  

Emodin treatment induced ROS production and oxidative stress 
in human T cells
We explored the upstream mechanisms leading to emodin-
induced ER stress and mitochondrial dysfunction using 
DCFH, which is an intracellular probe used to examine the 

Figure 1.  Effect of emodin treatment on the growth of human T cells.  
(A) Morphology changes of human T cells after treatment with emodin 
at different concentrations (1, 10, or 100 μmol/L).  (B) The inhibition of 
T cell growth induced by Emodin was detected by MTT assay.  Data are 
represented as mean±SD from three independent experiments.
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Figure 2.  Emodin induced apoptosis and DNA damage of human T cells.  (A) and (C) AO/EB double staining was used to detect cell apoptosis after 
emodin treatment at different concentrations (1, 10, or 100 μmol/L).  (B) and (D) Emodin-induced apoptosis of human T cells was detected by Annexin 
V/PI staining.  (E) and (F) Comet assay was used to detect DNA damage.  The results are given as mean±SD from three experiments.  bP<0.05, cP<0.01 
vs control groups.
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cellular ROS level.  There was a significant dose-dependent 
increase in intracellular ROS levels in human T cells treated 
with emodin at 72 h (Figure 6A and 6B).  In addition, we 
detected several crucial indicators of the redox potential in 
T cells treated with emodin, including an oxidative product 
(MDA) and anti-oxidative factors (SOD and GSH/GSSG).  
MDA and SOD are important markers that indicate a pro- and 
anti-oxidative status, respectively, and our results showed 
that SOD activity was significantly downregulated in T cells 
after emodin treatment, whereas MDA activity was upregu-
lated (Figure 6C and 6D).  The redox cycling of glutathione 
is believed to be a major intracellular antioxidant system that 
prevents the toxic accumulation of hydroperoxide.  As shown 
in Figure 6E–6G, the GSH/GSSG ratio was decreased in T cells 
after emodin treatment.  Taken together, these results indi-
cated that emodin had a marked oxidative impact on the cel-

lular redox status, which might be involved in ER stress and 
mitochondrial dysfunction-mediated apoptosis.

Removal of ROS with NAC attenuated emodin-induced ER stress, 
mitochondrial dysfunction and apoptosis in human T cells
To demonstrate the relationship between emodin-induced 
ROS production and ER stress, we coincubated T cells with 
1 mmol/L exogenous NAC and 100 μmol/L emodin.  After 
co-incubation with 1 mmol/L NAC for 72 h, changes in the 
ROS, MDA and SOD levels caused by emodin treatment were 
abrogated (Figure 7A–7C).  NAC also significantly attenuated 
emodin-induced Ca2+ overload (Figure 7D) and the activation 
of GRP78, ATF-4, XBP-1s, and CHOP (Figure 7G and 7H).  In 
addition, we investigated the effect of ROS elimination with 
NAC on emodin-induced mitochondrial dysfunction.  Exoge-
nous NAC addition prevented the emodin-induced changes in 

Figure 3.  Expression and activity of caspases in human T cells after emodin treatment.  (A) Pro- and cleaved caspase-9, -4, and -3 of human T cells 
after emodin treatment with different doses were detected by Western blotting.  (B) Pro- and cleaved caspase-8 were detected by Western blotting.  (C), 
(D) and (E) The results of Western blotting were analyzed by Quantity One software.  (F), (G), and (H) Activity of caspase-9, -4, and -3 were detected by 
caspase activity assay.  The results are given as mean±SD from three experiments.  bP<0.05, cP<0.01 vs control.
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the mitochondrial membrane potential (Figure 7E, 7I and 7J).  
Furthermore, NAC simultaneously inhibited cell apoptosis 
(Figure 7F) and the activation of caspase-9, -4, and -3 (Figure 
7K and 7L) induced by emodin.  These results indicated that 
ROS played a significant role in emodin-induced ER stress and 
mitochondrial dysfunction in the T cell apoptosis process.  

Discussion
Emodin exhibits a wide range of pharmacological effects, 
including anti-tumor[17], anti-inflammatory[6] and hepatic and 
renal protective activities[18].  Huang et al[19] was the first to 
demonstrate the immunosuppressive effects of emodin, and 
our previous study also confirmed that emodin treatment 
attenuated skin allograft rejection and prolonged skin graft 
survival via stimulating serum IL-2 levels in skin transplanta-
tion models[8].  Similarly, Kuo et al demonstrated that emodin 
inhibited T cell proliferation via repressing IL-2 and IL-2R 
expression[20].  However, the effect and molecular mechanism 
of emodin on cellular apoptosis in human T cells remain 
unknown.  

ROS are mediators of intracellular signaling cascades and 
can induce the collapse of the mitochondrial membrane poten-
tial, which can trigger a series of mitochondria-associated 

events, such as apoptosis[21].  Excessive ROS production may 
lead to oxidative stress, loss of cell function, and ultimately 
apoptosis or necrosis[22].  The molecular structure of emodin 
is similar to dimethyl naphthoquinone and mitochondrial 
ubiquinone, both of which have been reported to be able to 
induce ROS production[23, 24], and thus, we hypothesized that 
emodin may have the potential to induce ROS generation in 
T cells.  In the present study, we demonstrated that emodin-
induced T cell apoptosis was associated with ROS generation, 
which triggered ER stress and mitochondrial damage in T cells 
and activated the apoptosis pathway.  

The disruption of ER homeostasis by ROS triggers cellular 
stress responses, including the unfolded protein response 
(UPR), an ER-specific stress response.  GRP78, ATF-4, XBP-
1s and CHOP, which are found in the UPR signaling path-
way, are important for the maintenance of normal cellular 
homeostasis[25–27].  The ER, as the major internal Ca2+ storage 
organelle, acts as a Ca2+ buffer that regulates Ca2+-dependent 
signaling in the cytosol.  However, inappropriate activation 
of the UPR can lead to cellular dysfunction, and ultimately, 
cell death[28].  The results from our studies demonstrated that 
emodin-induced ROS can not only activate the ER stress mark-
ers GRP78, ATF-4, XBP-1s and CHOP but also disrupt the ER 

Figure 4.  Endoplasmic reticulum stress and intracellular free calcium elevation of human T cells after emodin treatment.  (A) Markers of ER stress 
including GRP78, ATF4, XBP1s and CHOP were detected by Western blotting.  (B) The results of Western blotting were analyzed by Quantity One 
software.  (C) Intracellular calcium measurement shown by Fluo-3-AM staining after emodin treatment for 72 h.  (D) Positive rate of Fluo-3-AM staining 
in different emodin treatment groups.  The results are given as mean±SD from three experiments.  bP<0.05, cP<0.01 vs control.
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membrane and trigger Ca2+ release in human T cells (Figure 
4).  In contrast, the removal of ROS with the antioxidant NAC 
attenuated the emodin-induced activation of UPR and Ca2+ 
release.

Mitochondria and the ER constitute the endomembrane net-
works and interact with each other physically and function-
ally.  Mitochondria and the ER are major internal Ca2+ storage 
organelles, and the transfer of Ca2+ from the ER to mitochon-
dria through this connection is one of the critical pathways in 
regulating cell functions.  Calcium uptake into the mitochon-
dria is driven by the consumption of the mitochondrial mem-

brane potential.  Several reports showed that emodin induced 
ER stress and mitochondrial dysfunction in cancer cells[15, 29, 30].  
To investigate whether mitochondrial function was affected 
by emodin-induced ER stress in human T cells, we evalu-
ated alterations in the mitochondrial membrane potential and 
several crucial proteins that maintain mitochondrial function.  
Our results confirmed that emodin significantly decreased the 
mitochondrial membrane potential.  Furthermore, the ratio of 
Bcl-2 and Bax, which represents mitochondrial function, was 
also decreased in T cells after emodin treatment.  As a result, 
the release of Cyt c and the activation of caspase proteases 

Figure 5.  The disrupted mitochondrial membrane potential and Cyt c release of human T cells after emodin treatment.  (A) JC-1 staining was used to 
detect ΔΨm level in human T cells treated by 100 μmol/L emodin for 72 h.  (B) Analysis of the ΔΨm change in different comcentrations emodin treated 
T cells.  (C ) and (D) Alteration of Bcl-2 and Bax in T cells after 100 μmol/L emodin treatment for 24–72 h.  (E) and (F) Cyt c release from mitochondria 
to cytosol in T cells after 100 μmol/L emodin treatment for 24–72 h.  The results are given as mean±SD from three experiments.  bP<0.05, cP <0.01 vs 
control groups.
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caused by mitochondrial dysfunction eventually trigger cel-
lular apoptosis.  As a ROS scavenger, the antioxidant NAC 
can suppress emodin-induced mitochondrial dysfunction and 
attenuate apoptosis.

In conclusion, our results demonstrate that emodin-induced 
apoptosis in human T cells is mediated by the activation of ER 
stress and the dysfunction of mitochondria and requires ROS 
generation (Figure 8).  Our study thus provides a rationale for 
the development of emodin as an immunosuppressive agent 
against T cell-mediated autoimmune disease.
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